The purpose of this study was to examine the adequacy of different sample types (fecal and rumen content), rumen-content sample weight (1, 10, and 25 g), and incubation period on the detection of Salmonella spp. in grass-fed beef cattle at slaughter. The culture technique was the same for all samples and followed the Australian Standard (AS 1766(AS .2.5-1991. Sample adequacy was defined as the ratio between the overall prevalence, as obtained from samples identified as positive by any sample type/weight, and the estimated prevalence, as obtained from samples identified as positive by a particular sample type/weight. Sample adequacy reflects the likelihood of a sample of a particular type and weight to contain the organism of interest and hence is related to the sensitivity of the diagnostic test. It was found that sample adequacy differed between sample types and weights: 37.5% for both a 10-g fecal sample and a 1-g rumen sample, 77.1% for a 10-g rumen sample, and 79.2% for a 25-g rumen sample. On this basis, it is strongly recommended that sample type and weight be considered in the design of studies that aim to quantify Salmonella contamination in cattle.
Introduction
Recent public concerns about food safety have highlighted the need to reduce the prevalence of foodborne pathogens in food animal populations. 4 In many countries, including Australia, contamination of meat products by Salmonella spp. is of public health and trade concern. 2,21-23 Accordingly, public health regulators and the meat industry wish to reduce the level of contamination in slaughter plants, 2, 3 and considerable research has been undertaken in this area. For instance, the effect of farm and preslaughter conditions (prevalence of Salmonella spp. in railway wagons and saleyards, holding pens, and feed withholding) has been studied to understand the ecology of Salmonella spp. contamination immediately before slaughter in swine 12, 14 and cattle. 6, 9, 10, 13, 24, 26 In the more recent studies, rumen-content samples have been regularly selected for investigating the infection status of cattle at slaughter. Although these studies have mapped pathways of contamination with Salmonella spp. at various stages from farm to slaughter, the conclusions and interpretations of data between studies are potentially misleading because of differences in sampling and bacteriologic methods.
Many technical factors (e.g., type of sample, sample preservation, homogeneity, sample size, culture media, and incubation period) may influence the diagnostic sensitivity of bacteriological methods in the recovery of Salmonella spp. In addition, sampling and test performance strongly influence the interpretation of data gained from epidemiological studies. Most information on the effect of sampling methods on Salmonella is available from studies on swine, 11, 12, 14, 20 and only 1 study has dealt with the effects of different carcass sampling methods on the detection of Salmonella spp. in cattle. 24 However, none has investigated the differences between fecal and rumen-content samples and the effect of sample (ingesta) weight for isolating Salmonella spp. in cattle. Furthermore, incubation periods of enrichment and selective culture appear to influence the recovery of Salmonella spp. from fecal samples, and this effect appears to be serovar specific, 18 but no such effects have been established for rumen samples.
To assist the industry develop the appropriate response to food safety market requirements, it is necessary to define methodologies, which best reflect pathogen prevalence in food animals. This requires a basic understanding of the fundamental performance characteristics of sample type, sample weight, and bacteriological culture test system to provide better statistical estimates of prevalence. 3, 15, 17 The purpose of this study was to examine the adequacy of different sample types (fecal and rumen content), rumen-content sample weight (1, 10, and 25 g), and incubation period on the detection of Salmonella spp. in grass-fed beef cattle at slaughter. The data from this study may assist in developing suitable methods for data acquisition and in the interpretation of existing data for risk-based assessments of Salmonella spp. in cattle.
Materials and methods
Selection of animals. Testing was conducted on fecal and rumen-contents samples collected from 120 grass-fed beef cattle slaughtered at an abattoir in South Australia in 4 lots of 30 animals slaughtered on different days. The abattoir was selected on the basis that it slaughtered stock that may be high risk to Salmonella infection 16 and it was at convenient distance from the laboratory. Animals tested were from the central pastoral zone that had been transported for long distances (Ͼ1,000 km) off-feed. These were selectively targeted to increase the likelihood of yielding Salmonella spp. 16 This biased, nonrandom sample (with respect to prevalence estimation, which was not of primary interest) was chosen to give sufficient positive isolates to enable detection of statistically significant effects on the basis of previous work. 14 Data on the ages and breeds of the animals were not available. On the basis of isolation rates from earlier batches, the third lot of 30 of these rumen-contents samples, collected on 1 day from 1 property, was incubated for different periods and used for extended culture evaluation.
Sample collection. Rumen-content samples were collected at line speed (approximately 80 carcasses per hour), after gastrointestinal contents had been removed, by an incision with scissors, dipped in 82ЊC water between samples, in the rumen near the esophagus, and contents were transferred into sterile containers. For each animal, a single bulk sample was collected, which was subsequently divided in the laboratory into 3 sample weights: 1, 10, and 25 g. Fecal samples were obtained at line speed by incising the rectum with scissors, dipped in 82ЊC water between samples, and expelling the feces into a sterile container. A 10-g sample was weighed out later at the laboratory. Immediately after collection, samples were transported to the laboratory at ambient temperature in an insulated container and processed on the same day. Reflecting the use of rumen sampling to determine the infection status of cattle, the researchers were interested in whether the relationship found in pig feces 14 also applied to rumen contents, which is the principal site of Salmonella growth in cattle. 6 Culture techniques. Testing was undertaken following Australian Standard (AS 1766.2.5-1991), 1 with a single selective agar plate used to conform with previous studies. 11, 14, 20 A resuscitation stage was undertaken, with each sample diluted 1:10 with buffered peptone water a (BPW) and incubated for 24 hr at 37ЊC. For the selective enrichment broths, a 0.1-ml and a 1.0-ml aliquot of each incubated BPW suspension was inoculated, respectively, into 10 ml of Rappaport-Vassiliadis broth b (RV) (incubated at 42 Ϯ 1ЊC) and into 10 ml of Mannitol selenite cystine broth c (MS) (incubated at 37 Ϯ 1ЊC). To observe the effect of delayed secondary enrichment for both broths at their respective incubation temperatures, 3 different incubation periods were used (24, 48, and 72 hr) for a subset of 30 of the 25-g rumen samples.
For all samples, loops of RV and MS were plated on half Xylose Lysine Desoxycholate agar plates d and incubated at 37ЊC for 24 hr. Four typical colonies (2 each from the RV and MS broths) were subcultured for purity onto Cystine-Lactose-Electrolyte Deficient medium with Andrades e and confirmed by latex agglutination using Serobact Salmonella spp. f Colonies that were latex-agglutination negative were checked by biochemistry. g Positive isolates presumptively identified as Salmonella spp. were forwarded for serotyping to the Salmonella Reference Laboratory at the Institute of Medical and Veterinary Science, Adelaide.
Statistical analysis. The overall prevalence (p o ), which is an estimate of the prevalence in the population, was defined as the proportion of animals identified as positive by any sample type/weight and for the purpose of this study was used as the gold standard. The estimated prevalence (p e ) was defined as the proportion of animals identified as positive for each sample type/weight and incubation period. Because the isolation of Salmonella, and hence the specificity of the diagnostic test, can be assumed to be 100% (i.e., limit of detection ϭ 1 cfu), the sample adequacy for each sample type/ weight can be defined as
This sample adequacy has also been referred to as relative sensitivity in the literature. 14 8 was the test of choice because each animal was categorized once as positive/negative under each of 4 tests, and thus, the test outcomes are unlikely to be independent. It was used to evaluate the effect of sample type/weight on the proportion of samples that tested positive, which is equivalent to testing whether the sample adequacies are significantly different for the sample types/weights. A similar analysis was repeated for testing for differences between the prolonged incubation periods.
Results
The number of animals that were culture positive for each combination of sample type/weight is given in Table 1 . The overall prevalence of infection (i.e., positive by any method) with Salmonella spp. was 40% (48/120-95% CI: [31.2%, 49.3%]). The last 2 rows of Table 1 give the estimated prevalences and sample adequacies for each sample type/weight. Sample adequacy increases as the sample weight increases ( Table 1 ). In addition, the 10-g fecal sample resulted in the same estimated prevalence as the 1-g rumen sample. These observed differences between the estimated prevalences, or equivalently between the sample 
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Ϫ adequacies, resulted in a Q-statistic of 13.72 on 3 degrees of freedom, which is highly significant (P ϭ 0.003).
The number of animals that tested positive for each incubation period of 25-g rumen samples is given in Table 2 . The overall prevalence of culture positivity with Salmonella spp. in the subset of samples was 53.3% (16/30-95% CI: [34.3%, 71.7%]). The 3 incubation periods were not found to be significantly different from each other using Cochran Q-statistic (P ϭ 0.850). However, an isolate of Salmonella Infantis was recovered from 1 animal after 48 hours selective enrichment, 1 isolate of Salmonella Ohlstadt from 1 animal after 72 hours, and Salmonella Muenchen from 1 animal at both 48 and 72 hours. The frequencies of Salmonella spp. serovars found in the fecal and rumencontent samples from the 48 positive cattle of the 120 tested after 24 hours selective enrichment are summarized in Table 3 . Of these serovars, only Salmonella Potsdam was found exclusively in feces.
Discussion
The results of this study show that the detection of Salmonella spp. in the ingesta of grass-fed, long-haul beef cattle is highly dependent on the sample type and weight chosen. In this study, diagnostic sensitivity per se refers exclusively to the test's ability to detect the organism of interest and hence to correctly classify a diseased individual as diseased. Although it has been suggested that sensitivity is dependent on the animal population, 17 for the purpose of this study, diagnostic sensitivity should remain unchanged because the same test was used for all sample types and weights and the population of animals (grass fed, long haul) sampled did not change in this study. Consequently, it can be inferred that there is a second type of sensitivity, referred to as sample adequacy, which relates to the ability of the sample to contain the organism. This is not surprising because it is unlikely that Salmonella spp., or any other organism, is homogenously distributed throughout the feces 14 or other intestinal contents. This Table 3 . Frequency distribution of Salmonella spp. serovars isolated from 48 positive cattle, on the basis of culture of feces (10 g) and rumen content (1, 10, and 25 g), from each animal (24 hr selective enrichment only). probably explains why four 10-g rumen samples tested positive but not the corresponding 25-g samples. Clearly, stomaching is a technique that attempts to homogenize the sample to overcome this problem and hence to maximize the chances of detecting Salmonella spp. This observation is consistent with the assumptions made about the distribution of Listeria monocytogenes in milk for the purpose of a quantitative risk assessment of soft cheese. 5 The overall sensitivity of sampling and analytic procedures is the result of multiplying the 2 probabilities, sampling adequacy and test sensitivity, which may be conditional on the sample type/weight. For example, if the test sensitivity is 0.9 and the sample adequacy of the sample is 0.8, then the overall sensitivity would be 0.72. Therefore, imperfections in the sampling protocol and the diagnostic test influence the detection of the organism of interest.
Increased sample weight of rumen contents significantly increased the detection of Salmonella spp., with the sample adequacy ranging from 37.5% for 1 g of rumen-content to 79.2% for 25 g of rumen-content samples. These rumen sample weight effects are consistent with those reported for fecal samples in previous studies on swine, 11, 14 which demonstrated in an epidemiological study of 228 animals on US farms that the sample adequacy of S. enterica in 1-g fecal samples was 21.7%, whereas in 25-g fecal samples it was 78.3%. One previous study in swine 20 suggested that the extra cost of using 10-g fecal samples may not be justified because 1-and 10-g samples did not give significantly different results. However, on the basis of this study, using a low rumen or fecal sample weight appears to be a poor cost-benefit option when attempting to define positive animals.
Estimates of sample adequacy, test sensitivity, and prevalence can consequently be used to either 1) obtain better estimates for the population prevalence using the Rogan-Gladen estimator 25 (with specificity equal to 1.0 or 2) determine sample sizes required to detect at least 1 positive with 95% confidence in a finite or infinite population using an imperfect test. 7 For example, using FreeCalc, 7 assume that at least 1 positive is to be detected with 95% confidence in an infinite population, that the population prevalence of Salmonella spp. is believed to be 0.1, and that the test sensitivity is equal to 0.9. Using a 1-g rumen or a 10g fecal sample, where the sample adequacy is approximately 37.5%, a sample of at least 88 animals would be required. However, using a 25-g rumen sample reduces the sample size to 41 animals. Thus, investigators must consider the effect of sample type and weight and consequently the cost of increased sampling in relation to the overall sensitivity of Salmonella spp. detection and accuracy of the estimated prevalence required to meet the aims of proposed studies. Clearly, studies that use sampling protocols with high values of sample adequacy and analytic methods with high diagnostic sensitivity will require fewer samples. On the basis of these findings, previous studies that used low sample weights 6, 9, 26 to detect Salmonella spp. in cattle may substantially underestimate the true prevalence, whereas studies with large sample weights 10, 19, 24 will give more reliable estimates of true prevalence.
Although no significant differences between the incubation periods were observed in this study, it should be noted that the largest number of positive results was obtained after 48 hours and that there were 3 fewer isolations after 72 hours. Comparisons were not conducted to examine the interaction between incubation time and sample weight. Although 48 hours may be indicated for 25-g samples, longer incubation times may have been better for 1-g rumen and 10-g fecal samples. A more systematic approach is needed to determine whether a delayed secondary enrichment increases the detection of Salmonella spp. 20 These results also provide a veterinary perspective on the 25-g sample weight required by the Australian Standard for the evaluation of food. 1 From these results on cattle, a rumen-content sample weight of 10 g at a minimum is recommended.
Overall, 192 isolates of Salmonella spp. were identified in the current study, including 13 serovars (Table  3) . Salmonella Anatum and Salmonella Give were the most common, with Salmonella Typhimurium present in 4.2% of cattle. Because this study did not adequately define the population sampled, the authors are not attempting to estimate the prevalence of different ser-ovars. However, the relative proportion of serovars is similar to previous studies, where major serovars found from cattle were compared with their frequency in red meat and humans in Australia. [21] [22] [23] They are interesting in terms of possible contamination from cattle to finished products and humans because data from raw ingredients is used to assess the source of pathogens in finished products. 3 The findings of this study strongly reinforce the requirement for researchers to consider the sample adequacy of sampling methodologies as well as the sensitivity of bacteriological techniques in the design and interpretation of field studies. They also need to take the cost of increased diagnostic effort into account against the expected gain in overall sensitivity of detection. The effect of sample type and weight should be considered when determining the sample number required for the detection of Salmonella spp. in cattle and to avoid underestimation of true prevalence. Such information is also essential for the interpretation 15 of existing (grass-fed beef) prevalence survey reports for use in risk assessment studies that aim to identify effective controls for food safety quality assurance programs.
